This paper reports on the occurrence and the crystal structure of kircherite, a new member of the cancrinite-sodalite group of minerals from Valle Biachella, Sacrofano community (Rome, Latium, Italy). The mineral occurs in association with sodalite, biotite, iron oxides, titanite, fluorite, and a pyrochlore-group mineral. The groundmass of the ejectum consists essentially of K-feldspar with subordinate plagioclase. Kircherite (3 mm as largest size) is observed within miarolitic cavities of the rock and typically occurs as parallel associations of hexagonal, thin, tabular colorless to light-gray transparent crystals; it is non-pleochroic and uniaxial negative, with ω = 1.510(2) and ε = 1.502(2). D calc is 2.457 g/cm 3 . Kircherite is trigonal with a = 12.8770 (7), c = 95.244(6) Å, V = 13677(1) Å 3 , Z = 1. The structure has been refined in the trigonal space group R32, obtaining a R-value of 8.5% on 8131 reflections with I/σI > 2. The strongest seven reflections in the X-ray powder pattern are [d in Å (I %) (hkl)]: 3.717 (100) (3 0 0), 2.648 (100) (2 1 28; 0 0 36), 3.232 (65) The structure can be described as a stacking sequence of 36 layers of six-membered rings of tetrahedra along the c axis. The stacking sequence is ACABCABCABCACBCABCABCABCBABCAB-CABCAB…, where A, B, and C represent the positions of the rings within the layers. This sequence gives rise to cancrinite, sodalite, and losod cages, alternating along c. Sulfate groups occur within the sodalite and losod cages associated by Na, K, and Ca. H 2 O groups occur within the cancrinite cages, bonded to Ca and Na cations. Anion groups (SO 4 2-) in sodalite cages show positional disorder, and so do consequently the extraframework cation sites related to them.
introduCtion
The cancrinite group of feldspathoids includes several species structurally characterized by layers of six-membered rings of [SiO 4 ] and [AlO 4 ] tetrahedra stacked along the crystallographic c direction (hereafter 6mR ⊥ [00.1]). The different stacking sequences give rise to different types of structural channels and cages (Bonaccorsi and Merlino 2005) . These pores may host several anions and molecular groups, such as H 2 O, Cl, (CO 3 ) 2-, (SO 4 ) 2-, (S 2 ) morphology of the kircherite crystals results essentially from the combination of the {00.1} pinacoid with the {10.1} rhombohedron (Fig. 2b) . The maximum size of the crystal groups does not exceed 2 or 3 mm in diameter and up to 1 mm in thickness; the single platelets have a thickness that very rarely exceeds 0.5 mm. Kircherite appears as transparent to translucent and even opaque in the most altered parts of the material; the luster is greasy to silky and the streak is white. The samples fluoresce light pink under long-wave UV and deep red under short-wave UV. It is brittle with an uneven fracture and a good cleavage on {00.1}; parting is not observed. The measured density, determined by flotation in a mixture of bromoform-ethanol, is D meas = 2.42 g/ cm 3 and the calculated density from the empirical formula is D calc = 2.457 g/cm 3 . Vickers hardness was measured at the Interdepartmental Laboratory of Electron Microscopy (LIME), Università Roma Tre, by means of a Mitutoyo HM-124 microhardness tester, with an applied load of 10 gf (0.1 N) (duration of force 10 s, other test parameters in accordance with ASTM E384 Standard 2008). The average diagonal of the Vickers indent was measured by a Digital Optical Microscope at a magnification of 1000×. Vickers hardness number (VHN) was calculated by the following equation: VHN = 1.8544·(P/d 2 ), where the applied load P is in kgf, the average dimension d of the indentation marks is in mm, with the resulting hardness number expressed in kgf/mm 2 . Results showed an average Vickers hardness of 648.4 ± 107 (with a range of 208.9) HV 10 gf (corresponding to about 5.5 in the Mohs scale). It is worth noting that the applied load of 10 gf was selected to avoid cracking after indentation, to have a proper evaluation of the actual hardness of the investigated material.
Kircherite is non-pleochroic, uniaxial negative with ω = 1.510(2) and ε = 1.502(2). The refractive indices were determined by the double variation method (see Su et al. 1987 and references therein) and the grain was oriented with the spindle stage so as to measure the refractive indices (Gunter et al. 2005 and references therein).
According to the various studies done in the last decade on the rare minerals, which are typically observed in the cavities of the ejecta of Latium (e.g., Della Ventura et al. 1992 Ventura et al. , 1993 Ventura et al. , 1999 Bellatreccia et al. 2002 ) the mineral formed during late-stage metasomatic processes related to the volcanic activity.
ChemiCal CompoSition
The composition of kircherite was determined using a JEOL JXA 8200 WD-ED electron microprobe at INGV, Rome. Operating conditions were 15 kV and 4.95 nA, with a beam diameter of 5 µm; counting time was 10 s on both peak and background. Standards, spectral lines, and crystals used were: sodalite (AlKα, TAP; SiKα, PET; NaKα, TAP; ClKα, PET), augite (CaKα, PET; MgKα, TAP; FeKα, LIF), orthoclase (KKα, PET), anhydrite (SKα, PET), spessartine (MnKα, LIF), TiO (TiKα, LIF), and fluorite (FKα, TAPH) . Data reduction used the ZAF correction method. Analytical errors are 1% relative for major elements and 5% relative for minor elements. The crystal fragment used for single-crystal refinement was found to be homogeneous within analytical error. The chemical composition and empirical formula, calculated on the basis of 216 (Si+Al) atoms per formula unit, are given in Table 1 ; site populations are based on the strucmicroscopy (Rinaldi and Wenk 1979 ). An equal number of layers can also give rise to different sequences, like in marinellite (Bonaccorsi and Orlandi 2003) vs. tounkite (Rozenberg et al. 2004) , both structures having 12 layers sequences, or to different anion-cation population of the cages. An example of this latter case is represented by afghanite and alloriite, which, although having the same type of framework, differ in having Ca-Cl-Ca-Cl (Ballirano et al. 1997) or Na-H 2 O-Na-H 2 O Rastsvetaeva et al. 2007 ) extraframework contents, respectively. Recently, carbobystrite has been described as having the same staking sequence of bystrite (ABAC) but having CO 3 and H 2 O groups instead of S 2-as in bystrite (Khomyakov et al. 2010 ). Kircherite was found and donated to us by L. Mattei (1947 Mattei ( -2012 , a distinguished amateur mineral collector. It occurs within the miarolitic cavities of a holocrystalline volcanic ejectum collected at Valle Biachella, Sacrofano community, in the Sabatini volcanic complex, Latium (Italy). We succeeded to obtain a structural model for this mineral, and a formal proposal was submitted the IMA-NMNC Commission, which approved the species and the name (IMA 2009-086) . The name kircherite is for Athanasius Kircher (1602-1680), a German Jesuit scholar who published around 40 works, some of which dealt with magnetism, geology, mineralogy, and volcanology. Athanasius Kircher was in Rome from 1635 and was the founder of the museum of the Collegium Romanum in 1651, hereafter named the Museum Kircherianum. It contained collections of Roman, Etruscan, and Egyptian antiquities including mummies and large collections of natural objects such as minerals and precious stones. The refined and analyzed crystal is deposited at the Museum of Mineralogy of the "Sapienza" University of Roma (code number MMUR 33035/1). This paper is dedicated to the memory of Luigi Mattei.
oCCurrenCe, phySiCal and optiCal propertieS
The holocrystalline volcanic ejectum containing kircherite was collected at Valle Biachella, Sacrofano community. Valle Biachella is a small valley on the inner side of the Sacrofano caldera wall, in the eastern sector of the Sabatini volcanic complex, which is located in northern-central Latium about 20 km to the north of Rome. This complex, together with the other Latian volcanic complexes, belongs to the so-called "Roman Ultrapotassic Province." The Sabatini volcanic complex is characterized by an areal, mainly explosive activity, with the emplacement of numerous eruptive centers, which started about 0.6 Ma ago and ended about 0.08 Ma ago. This activity evolved throughout several caldera collapses and the emission of large volumes of pyroclastic products having the alkaline-potassic signature typical of the Roman Ultrapotassic Province. In Valle Biachella outcrops essentially the "Sacrofano upper pyroclastic flow" unit linked to the volcanic activity of the satellite center of Sacrofano (De Rita et al. 1983 and references therein).
The ejectum, about 15 cm in size, is a granular but compact rock whitish-gray in color. The groundmass consists of interlocking K-feldspar with minor sodalite, plagioclase, brown mica, and andraditic garnet. Fluorite, iron oxides, a pyrochlore-group mineral, and a britholite-like phase are the accessory minerals (Figs. 1a and 1b) . Kircherite, which occurs within the interstices between the interlocking K-feldspar, occurs as parallel associations of hexagonal thin tabular shaped crystals (Fig. 2a) . 
X-ray diFFraCtion and deSCription oF the

StruCture
The powder X-ray diffraction data of kircherite (Table 2) were collected at the Dipartimento di Scienze Geologiche, Università Roma Tre, with a Scintag X1 diffractometer using: CuKα (λ = 1.5418 Å) radiation, fixed divergence slits, and a Peltier-cooled Si(Li) detector (resolution <200 eV). A divergent slit width of 2 mm and a scatter slit width of 4 mm were employed for the beam source; a receiving slit width of 0.5 mm and scatter-slit width of 0.2 mm were used for the detector. Data were collected in step-scan mode: 2-60 °2θ range, step-size 0.02 °2θ, counting time 3 s/step. Silicon powder SRM 640d was used as internal standard. The unit-cell parameters, determined using the leastsquares refinement program LSUCRIPC (Garvey 1986) , are: a = 12.881(5) Å, c = 95.28(5) Å, V = 13,690(10) Å 3 .
StruCture determination and reFinement
A crystal of 0.73 × 0.40 × 0.27 mm was used for singlecrystal X-ray diffraction on a Bruker AXS Smart Apex diffractometer, with MoKα (λ = 0.71073 Å) radiation and working at 45 kV and 30 mA, at the Dipartimento di Scienze della Terra e dell'Ambiente, Università di Pavia (Table 3 ). The detector-to crystal working distance was 8 cm. Lp and empirical absorption corrections (SADABS, Sheldrick 1998) were applied. The refined unit-cell parameters were obtained from 9259 reflections with I > 10σ(I) collected in the 2θ range 5-70°. Ten data sets of 900 images were collected for 5 s performing 0.2° ω-scans at different φ angles (0, 90, 180, and 270° with the detector at θ = 20° and 0, 45, 90, 135, 180, and 270° with the detector at θ = 50°). Indexing of reflections in images was compatible with a rombohedral lattice [a = 12.8767(7), c = 95.244(6) Å, in the hexagonal setting]. Integration in the 2-30 °θ range yielded 81 225 reflections compatible with a maximum 3m1 Laue symmetry. The structure was tentatively solved in the space group R3 by direct methods using SIR 2004 (Burla et al. 2005) , which supplied an incomplete model with an R-value of 24.7%, consisting mainly of framework cations and anions. The structure refinement was completed by adding atoms to the model extracted from Fourier difference maps. This allowed us to find extraframework cations and anionic groups (SO 4 ) 2-. We obtained a final model with anisotropic displacement parameters yielding an agreement factor of R = 0.125 for 11 517 reflections with I > 2σ(I), and R = 0.135 for all 13 437 unique reflections. There were 12 fourfold-coordinated cations composing the framework; and no Si-Al ordering was found. The observed staking sequence in the hexagonal cell, following the Zhdanov notation (Zhdanov 1945; Patterson and Kasper 1959) Table 2 . Powder X-ray diffraction data for kircherite Therefore the sequence is expressed as an even period (12) and a different basic partition {i.e., 3 × 12 [(10)(2)]}, and thus, following Patterson and Kasper (1959) ] "losod cages." The extraframework cation positions showed strong static disorder and therefore we chose to refine those as split sites. Displacement parameters of atoms in a split site were constrained to be equal. The model also has 6 anionic groups: 2 out of them (those located at the "losod cages," see description of the structure) are ordered; four are located in "sodalite cages" in off-axis positions and were refined with isotropic displacement parameters. Careful search for maxima in the Fourier-difference maps allowed location of some of the oxygen atoms at the vertexes of the (SO 4 ) 2-groups. These were added to the model and refined with a soft constraint on the bond-length. In order to let the model reach a minimum, displacement parameters were constrained to be equal to those observed for the ordered (SO 4 ) 2-groups. Final atomic coordinates and equivalent isotropic displacement parameters are given in Table 5a , and selected distances for extraframework anionic groups and cations in Tables 5b and 5c (the CIF has been deposited as electronic  supplemental material   1 ).
Ftir SpeCtroSCopy
The powder FTIR spectrum of kircherite was collected at the Dipartimento di Scienze Geologiche, Università Roma Tre on a Nicolet Magna 760 FTIR spectrometer equipped with a DTGS detector and a KBr beamsplitter; the nominal resolution was 4 cm -1 and 64 scans were averaged for each sample and for the background. The spectrum was collected on a KBr disk with about 1 mg of sample in 150 mg of KBr. Single-crystal FTIR spectra were collected on crystal fragments ∼30 µm thick using a NicPlan microscope equipped with a liquid nitrogen-cooled MCT detector; the nominal resolution was 4 cm -1 and 128 scans were averaged for each sample and for the background.
The infrared powder spectrum of kircherite (Fig. 3a) shows a broad absorption from 3740 to 3000 cm -1 due to the stretching modes plus the bending overtone (ν 1 , ν 3 , and 2ν 2 ) of the H 2 O molecule(s) and at 2338 cm −1 a small but sharp absorption assigned to the stretching mode (ν 3 ) of the CO 2 molecules (Della Ventura et al. , 2008 . This value is in the range observed for CO 2 -bearing cancrinite group minerals, where the wavenumber of this band has been observed to vary from 2338 cm -1 for fantappièite up to 2352 cm -1 for marinellite ). In the frequency region from 400 to 1750 cm -1 (Fig. 3b) , there is a broad band due to the bending mode (ν 2 ) of the H 2 O molecule at 1635 cm -1 and a multi-component strong band at 1200-1000 cm -1 , which can be assigned to the stretching modes of the (SO 4 ) 2-and TO 4 groups (Moenke 1974; Ross 1974) . A sharp but very weak absorption is observed at 1384 cm -1 , which can be assigned to (CO 3 ) 2-groups. A group of well-defined bands occur in the range 800-500 cm -1 ; in particular, six absorptions at 698, 651, 609, 590, 546 cm -1 and a shoulder at 737 cm -1 are resolved. Finally, a very intense and convoluted absorption is observed at around 446 cm -1 . As already discussed in previous papers (e.g., Ballirano et al. 1996a; Cámara et al. 2005 Cámara et al. , 2010 this spectral region is characteristic of any cancrinite group species and is useful for identification purposes. In this particular case, although being typical of kircherite, it shows some similarities with the spectra of haüyne, franzinite, and fantappiéite ( Fig. 4 ; Ballirano et al. 1996a; Cámara et al. 2005 Cámara et al. , 2010 .
The single-crystal FTIR spectrum was collected in the 6000-650 cm -1 range; the 4000 to 1500 cm -1 region is displayed in Figure 5 . It shows a very intense multi-component band, which can be resolved into three main components at 3527, 3412, and 3246 cm -1 , which can be assigned to the stretching modes (ν 1 and ν 3 ) and the first bending overtone (2ν 2 ) of the H 2 O molecule(s), respectively. The spectrum also shows a very sharp absorption at 2338 cm -1 , which confirm the presence of CO 2 molecules in the structural pores of kircherite . The broad absorption at 2125 cm -1 can be assigned to the first overtone or combination modes of the T-O bonds and to the first overtone of the antisymmetric stretching mode (ν 3 ) of the (SO 4 ) 2-group (Della Ventura et al. 2008 ). The strong absorption at 1636 cm -1 is due to the H 2 O bending mode (ν 2 ) and the shoulder at 1687 cm -1 can be attributed to combination of T-O modes. Finally, a broad absorption at around 5234 cm -1 (inset in Fig. 5 ) is assigned to the combination of the stretching (ν 3 ) + bending (ν 3 ) modes of H 2 O (Ihinger et al. 1994) . The absence of bands in the 4300-4100 cm -1 range, due to the combination modes of the OH group (Ihinger et al. 1994) , rules out the presence of hydroxyl groups in kircherite. Symmetry transformations used to generate equivalent atoms (I) x,y-1,z; (II) x-y+1,-y+1,-z; (III) x-y,-y,-z; (IV) -x+y,-x,z; (V) -y+1,x-y,z; (VI) x+1,y,z; (VII) -y+2,x-y+1,z; (VIII) -x+y,-x+1,z; (IX) -x+2/3,-x+y+1/3,-z+1/3; (X) x,y+1,z; (XI) y-1/3,x+1/3,-z+1/3; (XII) -x,-x+y,-z; (XIII) -x+1,-x+y+1,-z; (XIV) x-1,y,z; (XV) -y+1,x-y+1,z; (XVI) -x+y+1,-x+1,z; (XVII) -x,-x+y-1,-z; (XVIII) -x+y-1,-x,z; (XIX) y-1,x,-z ; (XX) y,x,-z ; (XXI) -y,x-y,z; (XXII) -x+y+1,-x+2,z; (XXIII) y-1/3,x-2/3,-z+1/3; (XXIV) x-y-1/3,-y+1/3,-z+1/3; (XXV) x-y+2/3,-y+4/3,-z+1/3; (XXVI) -x+2/3,-x+y-2/3,-z+1/3; (XXVII) -x+2/3,-x+y+4/3,-z+1/3; (XXVIII) y+2/3,x+1/3,-z+1/3; (XXIX) x-y+2/3,-y+1/3,-z+1/3. 
Cancrinite (ε) cages
Cancrinite cages contain (H 2 O) groups, which coordinate Na atoms at Na1 site in the 6mR ⊥ [00.1] window shared by two consecutive ε-cages and to Ca atoms at the other 6mR ⊥ [00.1] windows with long and weak bonds (2.93 Å). Refined site scattering is compatible with almost full occupancy of H 2 O in one on-axis position completing the ditrigonal pyramid corresponding to the Na coordinating environment. There are 6 ε cages per unit cell, which accounts for 6 H 2 O pfu. (Ballirano et al. 1996b) , franzinite, tounkite, biachellaite, fantappiéite, sacrofanite, and obviously kircherite. In kircherite, each losod cage contains two (SO 4 ) 2-groups ordered with apexes pointing oppositely along [00.1], which coordinate 3 K atoms off-axis in the plane between the bases of the two (SO 4 ) 2-groups, Ca atoms at the Ca3 site in one of the 6mR ⊥ [00.1] windows and Ca and minor Na atoms at the Ca7 site centered approximately at the other the 6mR ⊥ [00.1] window. Sodium and Ca at the Na2 and Na4 sites in the center of the six membered rings in the wall of the cage (hereafter 6mR || [00.1]) also coordinates with the oxygen apexes of the [(S1)O 4 ] 2-and [(S2)O 4 ] 2-anionic groups, respectively. These two cation positions have different occupancy as a function of the anion located at the center of the adjacent sodalite cages.
Losod cages
Six
Sodalite cages
Sodalite cages ([4 6 6 8 ]) are the most frequent cages in kircherite (up to 24 sodalite cages per unit cell). They mostly contain (SO 4 ) 2-groups disordered so that it was not possible to find the position of all oxygen atoms in the four symmetrically independent sites. This disorder is common in all the minerals of the cancrinite group showing this type of cage, usually containing sulfate groups in more than one orientation, as well as split cation sites in the two 6mR ⊥ ] "losod cages" (Lo) within the unit cell. There is a unique sequence of cages, and adjacent sequences are shifted 1/3 along [00.1]. Different types of cages are ordered as εSSSLoSSLoSSSε (Fig. 6) . windows that may host Na or Ca cations. Sodalite cages also contain minor Cl (and F) that coordinates Ca and (H 2 O), which coordinates Na (up to complete 36 anion groups and anions per formula unit; see Table 6 ). Therefore the composition of sodalite cages are mostly related to haüynic and to a lesser degree sodalitic and noseanic. The white color of kircherite probably excludes the presence of (S 3 )¯ at the sodalitic cages, which usually results in the blue coloration of these minerals (Ostroumov et al. 2002; Fleet et al. 2005) . Overall, the number and type of cages in the unit cell account for a maximum of 36 (SO 4 ) 2-groups and 6 (H 2 O) molecules (or Cl -anions).
Site aSSiGnment
Assigned site population on the basis of observed site scattering and site geometry (i.e., bonding environment) is reported in Table 6 . There is a slight disagreement between the Ca+K assignments based on the refinement as compared to that determined by electron microprobe. However, considering the similar scattering power of both atomic species, the observed disagreement might be ascribed to erroneous assignment of elements to these sites, which is done on the basis of the mean bond lengths, as the bonding environments put some restrictions to the occupying species on the basis of their ionic radii. Considering the large cell, the complexity of the structure, and the observed R-factor, the disagreement should be ascribed to difficulties on refining the split positions thus leading to local geometries incompatible for Ca population or excess observed site scattering. Disagreement with the calculated site scattering for cation sites from EMP analyses is 7.8%. This is the case in particular for the split sites K6B, K9B, K1G, and K1L, which account for 17.53 K apfu; their bonding environment is too large for Ca and Na.
Considering the extraframework composition obtained by EMP analyses and the dominant anionic species or groups in the cages, the simplified ideal charge-balanced formula is: [Na 90 The compatibility indices (Mandarino 1981) are: (1 -K P )/K C = -0.022 (i.e., excellent) by using D calc , and (1 -K P )/K C = -0.038 (i.e., excellent) by using D meas , indicating excellent agreement between physical and chemical data.
relation to other SpeCieS
Kircherite is a new mineral of the cancrinite-sodalite group and is a member of the subgroup with a complex sequence. Within this subgroup, kircherite, having 36 layers (in the hexagonal setting; 12 in the rhombohedral), is the cancrinite with the longest complex sequence described to date. Considering the rhombohedral setting, it is the third mineral of the cancrinitesodalite group showing 12 layers sequence, along with tounkite (Rozenberg et al. 2004 ) and marinelite (Bonaccorsi and Orlandi 2003) . The three structures have very different layers sequences, Zhdanov symbol, and number and type of cages . The different topology in terms of cages constrain the chemistry of the three different minerals. Nevertheless, a correct identification cannot be done on the basis of only a chemical analysis, and requires X-ray diffraction.
Careful inspection of the sequence (Fig. 6 ) reveals that the structure of kircherite can be derived from that of sodalite by inserting a shifted layer every 11 layers, as for fantappièite and franzinite. In the case of fantappièite the structure can be obtained from sodalite by inserting a shifted layer every 10 layers [sequence (9)(2)], and from franzinite by inserting a shifted layer every 9 layers [sequence (8)(2)]. Therefore, kircherite represents the third member of a particular subgroup in which ordered interstratified sodalite-cancrinite sequences are found to follow the scheme: (nsod)(can), for n = 1, 2, 3, 4, … Expected sequences are (3)(2), (4)(2), (5)(2), (6)(2), (7) (2), (8)(2), (9)(2), (10)(2),…, of which the last three have been discovered. Two of these have hexagonal cells [i.e., (5)(2) and (8)(2)], while the remainder have rhombohedral cells and therefore sequences of 15, 18, 24, 27, 33 , and 36 layers in the hexagonal setting, corresponding to c axis lengths of ca. 39.7, 47.6, 63.5, 71.4, 87.3, and 95.2 Å. 
aCknowledGmentS
Thanks are due to late Luigi Mattei who provided us with the sample allowing the discovery of this new mineral. Roberto Gastoni CNR-IGG of Pavia (Italy) assisted with sample preparation for EMPA. F.C. thanks the Dipartimento di Scienze della Terra e dell'Ambiente, Università di Pavia (Italy) and CNR-IGG of Pavia (Italy) for granting access to the single-crystal diffractometer. The suggestions of two anonymous reviewers and Associate Editor Fernando Colombo helped to improve the quality of the manuscript. Table 6 . Cation site assignments on the basis of observed site scattering and geometries of the sites reported in Table 5 † apfu (atoms per formula unit). ‡ We opted to assign Cl, F and excess H 2 O over the amount in Ow25 disordered over S3, S4, S5, and S6 because splitting off axis did not allow to distinguish the different species. The sum < 6 apfu per site is ascribed to the difficulty in modelling the disorder.
reFerenCeS Cited
